Asymptomatic bacteriuria (ABU) is a condition where bacteria stably colonize the urinary tract, in a manner closely resembling commensalism at other mucosal sites. The patients carry >10 5 CFU/ml for extended periods of time and rarely develop symptoms. Contrasting the properties of ABU strains to those of uropathogenic isolates causing symptomatic infection is therefore highly relevant to understand mechanisms of bacterial adaptation. The prototype ABU strain Escherichia coli 83972 has a smaller genome than uropathogenic E. coli (UPEC) strains with deletions or point mutations in several virulence genes, suggesting that ABU strains undergo a programmed reductive evolution within human hosts. This study addressed if these observations can be generalized. Strains causing ABU in outpatients or hospitalized patients after catheterization or other invasive procedures were compared to commensal E. coli isolates from the intestinal flora of healthy individuals. Notably, clonal complex 73 (CC73) was a prominent phylogenetic lineage dominated by ABU isolates. ABU isolates from outpatients and hospitalized patients had a similar overall virulence gene repertoire, which distinguished them from many commensals, but typical UPEC virulence genes were less frequently attenuated in hospital strains than in outpatient strains or commensals. The decreased virulence potential of outpatient ABU isolates relative to that of ABU strains from hospitalized patients supports the hypothesis that loss of expression or decay of virulence genes facilitates long-term carriage and adaptation to host environments.
B
acteria rapidly adapt to changing environmental conditions, thereby increasing their fitness for new host niches. While it has been generally accepted that bacteria evolve toward virulence, data over the past decade have established that, in addition, bacteria may undergo reductive evolution in human hosts, moving them away from the virulent phenotype (65) . Escherichia coli strains recovered from patients with asymptomatic bacteriuria were proposed to have evolved from virulent uropathogenic E. coli strains (UPEC) by genome reduction through systematic inactivation of genes encoding virulence-associated factors either by the accumulation of point mutations or by deletions (29, 66) . These observations define urinary tract infections (UTIs) to be a highly interesting and relevant model to study bacterial adaptation to changing host environments. Fully virulent uropathogenic Escherichia coli causes symptomatic UTIs, accompanied by a strong innate immune response and tissue damage resulting from the sequels of acute inflammation. Less virulent strains establish asymptomatic bacteriuria (ABU) accompanied by an innate immune response too weak to cause symptoms. ABU occurs in 2 to 20% of the population, depending on age and gender, and the bacteria may persist in the host for months or years. Epidemiologic studies have established that the severity of UTI reflects the virulence profile of the infecting strain, with tissue-attacking virulence factors being expressed at a higher frequency by UPEC strains than by most strains causing ABU (5, 13) , despite the presence of virulence gene sequences in many ABU strains (40) . Until recently, the molecular basis for this discrepancy has not been examined, however.
UTIs are the most common health care-associated infections, and E. coli is the most common nosocomial pathogen (59) . Prolonged use of indwelling urinary catheters is the critical risk factor for developing a nosocomial UTI (29, 41, 57) , as the catheters facilitate bacterial multiplication, which can result in either severe disease or asymptomatic colonization (35) . Catheter-associated ABU develops rapidly in patients with urinary catheters (60) , but only 10% to 30% develop clinically significant symptomatic UTIs. The host environment and selective forces to which ABU strains are exposed in hospitalized patients may differ greatly from those confronting ABU strains in outpatient settings. Furthermore, the duration of asymptomatic bladder colonization is shorter on average in hospitalized patients than in healthy carriers. Additionally, the hospital environment may preselect certain E. coli vari-ants, e.g., by nosocomial transmission and cross-transmission of strains (58) , which may differ in virulence potential and phylogeny from ABU isolates carried by otherwise healthy individuals.
Previous evidence of genome reduction and virulence gene attenuation was obtained for a restricted number of E. coli isolates, including the prototype ABU strain E. coli 83972. This study characterized the virulence gene repertoire and selected virulence phenotypes of E. coli ABU strains isolated from outpatients or hospitalized carriers. Fecal isolates from healthy donors without a history of UTI were used as controls. The results indicate that the loss of functional virulence genes or their reduced expression is a general feature of ABU strains. On the basis of the prevalence of UPEC virulence-associated genes, community-acquired ABU isolates resembled health care-associated ABU isolates, but important virulence-associated genes remained functional in ABU isolates from hospitalized patients. The results suggest that prolonged in vivo growth in the urinary bladder promotes the loss of functional virulence genes, due to mutations or phenotypic attenuation.
MATERIALS AND METHODS
Patient characteristics. Community-acquired ABU strains (n ϭ 87) were isolated during a screening study in healthy schoolgirls. Bacteriuria was confirmed by repeated urine cultures yielding the same E. coli strain (33) . In parallel, fecal E. coli isolates were obtained from healthy children (n ϭ 39) without a history of UTI (12) and used here to represent commensal E. coli isolates without a significant potential to cause UTI. Health careassociated ABU E. coli isolates (n ϭ 25) were obtained from the urine of 23 alert patients treated at the Department of Urology, Hospital St. Elisabeth (Straubing, Germany). Thirteen patients were males, and the mean age was 70 years (range, 37 to 89 years). Ten patients had indwelling urinary catheters (indwelling bladder catheter, n ϭ 8; ureteral catheter, n ϭ 1; percutaneous nephrostomy, n ϭ 1), and their diagnoses included prostate cancer (n ϭ 2), bladder (n ϭ 4) or renal cell (n ϭ 2) carcinoma, benign prostatic hyperplasia (n ϭ 4), stone disease (n ϭ 6), supravesical urinary diversion (n ϭ 3), hypotonic bladder (n ϭ 1), or hydronephrosis (n ϭ 1). The duration of bacteriuria was 1 to 74 days, and 14/23 patients (61%) received antibiotics prior to culturing of the ABU strain. The patients were asymptomatic and had (i) an indwelling urinary catheter within 7 days before one positive culture with Ն10 5 CFU/ml and no more than two uropathogenic species or (ii) no indwelling urinary catheter within 7 days before the first urine culture and two cultures with Ն10 5 CFU/ml and no more than two uropathogenic species (24) .
Bacterial isolates. Urine cultures were processed by the respective clinical bacteriology laboratory and maintained as deep agar stabs or frozen glycerol cultures prior to batch evaluation for bacterial characteristics and potential virulence factors. For analysis, E. coli strains were routinely grown in lysogeny broth (LB) or M63B1 glucose medium (52) with or without 1.5% Bacto agar (Difco Laboratories, Detroit, MI).
DNA techniques. Qiagen products (Hilden, Germany) were used to isolate and purify genomic DNA. Primers were obtained from Operon (Cologne, Germany), while restriction enzymes were purchased from New England BioLabs (Frankfurt am Main, Germany). Primers used for detection of the fim and pap gene clusters are listed in Table S2 in the supplemental material.
Multiplex PCR. The multiplex PCR assay for detection of virulenceassociated genes (hlyA, cnf1, cdtB, iutA, fyuA, fimH, papAH, papEF, papC, papG allele I, papG allele II-papG allele III, sfa-focDE, sfaS, focG, kpsMT K1, kpsMT K5, kpsMT II, kpsMT III, malX, cvaC, ibeA, bmaE, rfc, traT, gafD, afa-draBC, iroN, clbB) of extraintestinal pathogenic E. coli was performed as previously described (27) .
Statistical analysis. Fisher's exact test was used to test for differences in prevalence rates. Average-linkage cluster analysis was performed with Cluster (version 3.0) software (9) , based on the prevalence of selected extraintestinal pathogenic E. coli (ExPEC) virulence traits among the three populations, and the result was visualized by a heat map. Similarly, cluster analysis of the PCR screening data was performed with Cluster (version 3.0), based on the presence or absence of genes. The output of the cluster analyses was displayed with the Java TreeView software (51) .
MLST. ABU isolates were allocated to different clonal lineages according to Wirth et al. (63) . New sequence types (STs) were submitted to the multilocus sequence typing (MLST) database (http://mlst.ucc.ie/mlst /mlst/dbs/Ecoli). A clonal complex (CC) has been defined to include at least three STs that differ from their nearest neighbor by no more than one of seven alleles. The STs were assigned to one of the four major phylogenetic groups, A, B1, B2, and D, or to recombinant groups AϫB1 and ABD using the software Structure (version 2.2.3) (http://pritch.bsd.uchicago .edu/structure_software/) (15, 16, 42, 63) . Phylogenetic relationships between distinct sequence types were calculated using the previously described ClonalFrame (version 1.2) software (Xavier Didelot, University of Oxford) (10) . This software is based on a model of genetic diversification that takes into account homologous recombination events which occur in E. coli populations. For ClonalFrame analysis, concatenated MLST sequences were used with the default parameters of 50,000 Markov chain Monte Carlo iterations after 50,000 burn-in iterations. The minimumspanning tree based on the allelic numbers of the MLST loci, which was calculated using SeqSphere software (version 0.9.38 ␤; Ridom GmbH), reflects the phylogenetic relationships between the sequence types also computed by ClonalFrame.
DNA sequence analysis of papG in health care-associated ABU isolates. The P-fimbrial adhesin gene papG was amplified by PCR using primers papSQ15 (5=-TGGTTACAGAGTTACAGCAGGTCTG-3=) and papX (5=-CAGAGGCTCACTCTTGCAC-3=), and the PCR product was sequenced by primer walking using an Applied Biosystems 3130 genetic analyzer. Homology searches were performed with the BLAST programs of the National Center for Biotechnology Information (NCBI) (2) (http: //www.ncbi.nlm.nih.gov/BLAST/). The relatedness of the PapG variants was inferred using the neighbor-joining method (50) . The evolutionary distances were computed using the Poisson correction method (67) in the MEGA5 program (56) .
Phenotypic assays. The expression of D-mannose binding type 1 fimbriae was quantified by agglutination of Saccharomyces cerevisiae cells. Aliquots of bacterial overnight cultures in LB or pooled human urine were incubated with a yeast suspension (10 mg/ml [dry weight]), and agglutination susceptible to inhibition by D-mannose (2%) was scored visually on the basis of the aggregation and precipitation of the cells.
P and S/F1C fimbriae were detected by hemagglutination of defibrinated human and bovine erythrocytes, respectively. Aliquots of bacterial overnight cultures in LB or pooled human urine were incubated with a suspension of human or bovine blood (Elocin Lab, Munich, Germany). Hemagglutination was compared after incubation for some minutes on ice. UPEC strain 536 was used as a positive control, and E. coli strain HB101 was used as a negative control.
Hemolytic activity was detected on sheep blood agar plates (Oxoid), after overnight incubation at 37°C, as the formation of clear halos around the colonies. UPEC strain 536 was used as a positive control, and E. coli strain HB101 was used as a negative control.
The aerobactin siderophore was detected by the aerobactin crossfeeding bioassay (7) . Cells (10 9 ) of aerobactin-requiring indicator E. coli strain LG1522 were cultured in M9 soft agar containing 200 mM 2=-2=-dipyridyl (Sigma, Deisenhofen, Germany). Aerobactin production by the test strains was indicated by a zone of enhanced growth of E. coli LG1522 around the colonies of the test strains. E. coli ABU strain 83972 was used as a positive control, and E. coli strain HB101 was used as a negative control.
Nucleotide sequence accession numbers. 
RESULTS

Phylogenetic classification of ABU isolates from healthy and hospitalized carriers.
The 151 E. coli strains were allocated to phylogenetic lineages on the basis of MLST and subsequent statistical analyses. The 87 community-acquired ABU isolates and 25 health care-associated ABU isolates showed no significant difference in the distribution to the main E. coli phylogenetic lineages (Table 1) , but their distribution differed from that of the 39 commensal E. coli isolates. The phylogenetic lineage B2 was more common among ABU isolates than commensal isolates (communityacquired ABU isolates, P ϭ 0.003), while lineage AϫB1 was more common among the commensal strains than among ABU E. coli strains (community-acquired ABU strains, P Ͻ 0.0001). Each of the six defined phylogenetic lineages ( Fig. 1 ) included community-acquired ABU isolates, health care-associated ABU isolates, as well as commensal E. coli variants, but the distributions differed. The most prominent lineage was clonal complex 73 (CC73; 25 isolates, 18% of all strains), with a high ratio of community-acquired ABU and health care-associated ABU strains (92%) versus commensal E. coli strains (8%). Within CC73, the vast majority of isolates (23 strains) belonged to sequence type 73 (ST73). Related STs, such as ST74, ST1404, and ST968, were represented by only one isolate each. Other major CCs or STs detected among the strains were CC10 (15 isolates), ST59 (14 isolates), and CC95 (8 isolates). CC10 is common among commensal and diarrheagenic E. coli isolates but is less typical for UPEC variants. In contrast, ST59 and ST95 represent clonal lineages which mainly include UPEC or ExPEC isolates. The MLST analysis therefore demonstrates that ABU strains from healthy carriers and from hospitalized patients can be found in a variety of phylogenetic lineages which are shared among extraintestinal pathogenic and commensal E. coli strains.
We subsequently examined if antibiotic treatment or the presence of long-term indwelling catheters influences the phylogenetic composition of the health care-associated ABU strains. Phylotyping of health care-associated ABU isolates from patients with (n ϭ 10) or without (n ϭ 15) long-term indwelling catheters revealed no significant differences with regard to certain STs or phylogenetic lineages (see Fig. S1A in the supplemental material) . Similarly, the phylogenetic composition did not differ between ABU isolates from patients with (n ϭ 10) or without (n ϭ 15) antibiotic treatment (see Fig. S1B in the supplemental material), suggesting that the clinical origins of isolates from hospitalized patients did not disproportionately affect the group of health careassociated ABU isolates as a whole.
Prevalence of ExPEC virulence genes among ABU isolates from healthy or hospitalized carriers relative to commensal E. coli isolates. The presence of 26 defined virulence genes commonly associated with ExPEC was determined to assess the virulence gene content of the two groups of ABU isolates relative to that of commensal E. coli isolates ( Fig. 2 ; see Table S1 in the supplemental material).
Based on the prevalence of ExPEC virulence genes, we characterized differences in the genome content of community-acquired and health care-associated ABU isolates relative to commensal E. coli isolates. Generally, the ExPEC virulence gene content was higher in ABU isolates than in commensal isolates. ABU strains isolated from healthy carriers or from hospital patients shared the highest similarity. Cluster analysis for gene correlations showed close overall relationships between genes of the pap operon, the alpha-hemolysin structural gene hlyA, and the high-pathogenicityisland (high-PAI) marker gene fyuA. Similarly, several other PAIassociated genes required for expression of S/F1C fimbriae (sfa, foc), iron uptake (iutA, iroN), group II capsule (kpsMT II), or polyketide colibactin (pks) biosynthesis were frequently present and clustered together in ABU isolates compared to commensals (Fig. 2) .
The prevalence of 13 virulence genes differed significantly among the three groups of isolates (see Table S1 in the supplemental material). Eleven virulence genes were significantly more prevalent in ABU isolates than in commensal strains, i.e., those coding for the exotoxins alpha-hemolysin (hlyA) and cytotoxic necrotizing factor (cnf1), the aerobactin and yersiniabactin siderophore receptors iutA and fyuA, P-fimbrial (papAH, papC, papEF, papG alleles II and III) and F1C-fimbrial (sfa-focDE, focG) subunits, and the polyketide colibactin (pks).
In contrast, the blood group M-specific adhesin marker gene bmaE and the serotype O4-specific O-antigen polymerase gene rfc were more frequently detected in commensal isolates than in ABU isolates ( Fig. 2; see Table S1 in the supplemental material). Interestingly, five virulence markers were more prevalent among health care-associated ABU isolates than among ABU isolates from healthy carriers, i.e., the genes encoding the cytotoxic necrotizing factor 1 (cnf1), the aerobactin, yersiniabactin, and salmochelin siderophore receptor genes iutA, fyuA, and iroN, as well as the colibactin polyketide determinant pks ( Fig. 2 ; see Table S1 in the supplemental material). Only one marker, indicative of group II capsule gene clusters (kpsMT II), was more common in ABU isolates from healthy carriers. Two-way clustering of the virulence gene content corroborated the finding that the prevalence of virulence-associated genes was not influenced by long-term catheterization (see Fig. S2A in the supplemental material) or antibiotic treatment (see Fig. S2B in the supplemental material).
Taken together, these results underline the finding that commensal E. coli isolates carry fewer ExPEC virulence genes than ABU isolates. ABU strains from healthy carriers or hospital patients could not be distinguished on the basis of the absence or presence of individual ExPEC virulence genes, but health careassociated ABU strains carried cytotoxin and siderophore determinants more often than community-acquired ABU E. coli strains.
We performed an additional cluster analysis based upon the overall presence or absence of genes, visualizing genetic associations among individual isolates. Six major clusters could be distinguished (Fig. 3) , a result which also mirrored the differences in prevalence of ExPEC virulence genes between ABU and commensal isolates indicated in Table S1 in the supplemental material and Fig. 2 . Clusters 1 and 2 contain strains with the highest ExPEC virulence gene content. Cluster 1 strains frequently carry the group II capsule determinant, the high-pathogenicity island, as well as a PAI comprising a P-fimbrial operon and the alphahemolysin, cytotoxic necrotizing factor 1, and aerobactin determinants. This cluster was mainly populated by community- acquired ABU isolates but included some commensal E. coli isolates as well. Cluster 2 strains possess, in addition to the PAIs frequently present in cluster 1 isolates, other PAIs coding for S/F1C fimbriae and the polyketide colibactin. These strains, which genotypically resemble prototypic UPEC strains, exclusively belong to phylogenetic lineage B2 and represent only ABU isolates, mainly from hospital patients. Many health care-associated ABU isolates were also present in cluster 6, which, together with clusters 3 and 5, included strains with lower-virulence gene profiles. Cluster 4 comprised the isolates with the smallest amount of virulence genes. Whereas commensal isolates predominated in cluster 5, ABU strains were found in all the other clusters (Fig. 3) . These clustering results demonstrate that ABU E. coli isolates from healthy or from hospitalized patients are genotypically very heterogeneous with regard to the composition of their ExPEC virulence gene pool. Additionally, these data corroborate the finding that many ABU isolates originate from UPEC but some also genotypically resemble commensal variants without a considerable virulence gene repertoire.
Comparison of virulence phenotypes of communityacquired ABU, health care-associated ABU, and commensal isolates. Selected virulence-associated phenotypes were compared after in vitro growth in LB or pooled human urine, such as the expression of alpha-hemolysin, aerobactin, as well as type 1, P-, and S/F1C fimbrial adhesins. Generally, virulence factor expression in LB resembled that in pooled human urine (Fig. 4) . The number of genotypically positive strains which expressed the corresponding phenotype was generally lower among communityacquired ABU isolates than among health care-associated ABU or commensal isolates (Fig. 4) . In LB, all genotypically hlyA-positive health care-associated ABU and fecal isolates expressed alphahemolysin, whereas 68.18% of the community-acquired ABU isolates did so. Interestingly, there were significant differences in the expression of type 1 fimbriae, P fimbriae, S/F1C fimbriae, and the iron uptake system aerobactin in community-acquired isolates relative to health care-associated ABU isolates upon growth in LB. Similarly, fimbrial expression was also reduced in communityacquired ABU isolates relative to health care-associated ABU isolates when the isolates were grown in pooled human urine to mimic conditions of a urinary tract infection (Fig. 4) .
The results show that important UPEC virulence-associated genes are downregulated or inactivated in E. coli isolates which cause ABU in healthy carriers compared to their regulation in isolates from hospitalized patients. In contrast to communityacquired ABU isolates, strains from cases of health care-associated ABU resembled commensal isolates with regard to the phenotypic expression of UPEC virulence factors.
Analysis of type 1 and P-fimbrial adhesin determinants in isolates which are phenotypically negative for type 1 and P fimbriae. To find out whether the lack of type 1 and P-fimbrial expression results from alterations in the encoding determinants, we screened the integrity of the fimBEAICDFGH and papIBHCD-JKEFGX gene clusters in isolates which repeatedly tested negative for phenotypic expression of type 1 or P fimbriae, respectively. In 17 isolates (47.2%) of the 36 type 1 fimbria-negative isolates and in 13 strains (61.9%) of the 21 P fimbria-negative E. coli isolates, multiple genes encoding these determinants could not be amplified by PCR, thus indicating structural variations (see Fig. S4 in the supplemental material). The PCR screenings suggest that large parts of the fim determinant, including the region fimB-fimF (three strains), fimE-fimF (two strains), fimA-fimI (nine strains), or fimI-fimG (three strains), are absent. Structural alterations of the pap determinant included in 1 case the deletion of papJ-papX, in 10 cases the deletion of papGX, and in 2 cases the insertion of an IS3-like sequence between papG and papX.
These results demonstrate that in large fractions of the phenotypically negative strains the absence of type 1 or P-fimbrial expression results from structural differences, including partial deletions of the encoding determinants, thus confirming and extending our previous findings (48, 66) .
Sequencing of papG adhesin gene. Multiple point mutations in the papG adhesin gene were detected in the prototype ABU strain E. coli 83972 (28, 66) . To examine if the reduction in P-fimbrial expression in other ABU strains is also a reflection of such alterations, we sequenced papG in the health care-associated ABU isolates as well as in all genotypically pap-positive but phenotypically Pap-negative community-acquired ABU isolates. Known papG sequences of community-acquired ABU strains as well as P-fimbriated uropathogenic E. coli strains were used as positive controls. On the basis of their length, the different papG sequences were allocated to four groups with 1,005 bp (group 1), 1,008 bp (group 2), 1,011 bp (group 3), and 1,119 bp (group 4), respectively. In health care-associated isolates 2012 and 2023, IS3-like sequences between papG and papX interrupted the pap determinant, and multiple premature stop codons indicated that a functional PapG protein is not expressed in these strains. The structure of the pap determinant in these strains resembles that of an obviously inactivated pap gene cluster in E. coli strain IAI39 (O7:K1) (GenBank accession no. NC_011750), isolated from a patient suffering from acute pyelonephritis.
The PapG amino acid sequences were deduced and compared to known UPEC (CFT073, IAI39) and community-acquired (83972, ABU27, ABU63) ABU sequences. Groups 1 and 2 comprised PapG III variants present in 13 ABU isolates, and group 3 comprised PapG II alleles present in 6 ABU strains. Interestingly, the amino acid sequences of phenotypically Pap-negative isolates were distinct from those of phenotypically Pap-positive strains (Fig. 5) . Notably, health care-associated ABU isolates 1301 and 1312 and community-acquired ABU strains 83972, ABU27, and ABU63 carry highly similar nonfunctional PapG III variants.
These findings demonstrate that virulence gene inactivation due to loss of function mutations is a general and frequent mechanism of phenotypic attenuation in ABU.
DISCUSSION
The in vivo persistence of bacterial pathogens requires different adaptation strategies. In persistent bacterial pathogens such as Pseudomonas aeruginosa or Helicobacter pylori, loss of expression or inactivation of virulence genes during long-term persistence may attenuate highly virulent strains (23, 26, 38, 53) . In case of persistent UTI, reductive evolution in UPEC has been explained by gene loss or multiple mutations. UPEC isolates from asymptomatic carriers have been shown to express fewer virulence determinants than strains isolated from patients suffering from symptomatic UTI, due to gene inactivation (18) . Similarly, antigenic variation, O-antigen chain reduction or loss, altered capsule or flagella expression, as well as metabolic changes have been observed during the course of chronic UTI or recurrent extraintestinal E. coli infection (6, 39) . The present study examined if gene attenuation is a general phenomenon among ABU strains by comparing E. coli strains from healthy children with ABU to those from hospitalized patients. Our results show that these different E. coli isolates share a phylogenetic background and that their virulence gene repertoire distinguishes them from commensal E. coli isolates ( Fig. 1 and 2 ). While similarity to UPEC isolates was reflected by phylogenetic lineages and overall virulence gene content, reduced virulence gene expression and accumulation of mutations were consistent with previous findings in the prototype ABU strain E. coli 83972, suggesting that virulence attenuation may occur broadly among UPEC isolates during long-term carriage in the urinary tract.
ABU is a well-suited model to analyze bacterial adaptation to prolonged in vivo growth in human hosts. Single virulence determinants differ in prevalence among E. coli strains from symptomatic UTI or ABU, reflecting mechanisms of host cell attack and bacterial adherence, such as the expression of fimbrial adhesins, alpha-hemolysin, siderophores, or other significant virulence factors (19, 25) . While many virulence factors contribute in the murine UTI model (36, 62) , P fimbriae have been confirmed to be an independent virulence factor in the human urinary tract, and the mechanism of tissue attack has been explained, in part, by their glycolipid receptor specificity and the pathogen-specific signaling pathway that they activate in host cells (4, 17, 32) . ABU is commonly caused by strains of lower virulence than the UPEC strains with a reduced frequency of virulence factor expression (14, 34, 47, 66) . It is interesting to note that inactivating mutations in the papG adhesin gene are shared among E. coli strains causing ABU and that members of the same bacterial clone, e.g., ST73, carry highly similar nonfunctional papG variants. Inactivation of key mechanisms of tissue attack may thus be crucial to avoid overt activation of the host response and pathogen-specific inflammatory pathways that trigger many aspects of symptomatic UTI.
Still, many ABU strains resemble UPEC isolates with regard to genome content and phylogeny. Interestingly, a considerable number of ABU isolates has been allocated to ST73 and its related STs. ST73 mainly comprises UPEC isolates and in particular many ABU isolates. In contrast, other ExPEC-dominated lineages, such as ST95, less frequently include ABU isolates (E. coli MLST database; http://mlst.ucc.ie/mlst/dbs/Ecoli/; as of 18 April 2011). This suggests that ST73 strains may be characterized by particular traits which promote adaptation toward persistence. Comparative genomic analysis of ABU model isolate 83972 indicated that this member of ST73 possesses a large number of UPEC virulenceassociated genes (11) . This strain's inability to express functional pathogenicity factors is due to deletions or multiple point mutations, resulting in genome reduction as an adaptation to prolonged colonization of the bladder (28, 48, 49, 66) .
Furthermore, a limited number of point mutations and small deletions increased in number with prolonged colonization time in ST73 strain 83972 as a molecular adaptation mechanism toward persistence in vivo (65) . In the present study, we observed a difference in virulence attenuation between community-acquired isolates and health care-associated strains, which had been carried for shorter periods of time in patients with urological disorders. While it is generally assumed that virulence gene decay in ABU and bacterial adaptation to different infected hosts in general reflect the host response to infection, such host factors remain to be defined. In a recent study, we observed that individual hosts drive rapid genomic changes in bacteria, resulting in host-specific genotypes. The host-specific loss of gene function supports the hypothesis that evolution toward commensalism rather than virulence is favored during asymptomatic bladder colonization. These conclusions were supported by the findings in the present study, as isolates from schoolgirls with long-term ABU were more attenuated than nosocomial isolates from elderly patients (mean age, 70 years) with various comorbidities.
Variation in the host response has also been noted in patients with ABU. Neutrophil numbers in urine vary greatly, and the diagnostic value of pyuria in this patient group has been debated (30) . Innate immunity controls the antibacterial defense in the urinary tract, and effector molecules include mucosal cytokines, chemokines, and antibacterial peptides as well as recruited inflammatory cells (1, 8, 22, 43, 45) . The Toll-like receptor 4 (TLR4) signaling pathway is critically involved (17, 21) , and downstream activation of the transcription factor interferon regulatory factor 3 (IRF3) or NF-B stimulates the transcription of effector functions of the innate immune response (17) . Mice lacking Tlr4 develop an ABU-like state without acute tissue inflammation (22) , while mice lacking Irf3, in contrast, develop severe acute pyelonephritis with urosepsis and renal damage (17) . In patients with ABU, reduced TLR4 expression (46) and ABU-associated polymorphisms in the TLR4 and IRF3 promoters have been detected, suggesting that the genetic repertoire of the host contributes to the reduced innate immune response in this patient group (17, 44) . Recently, the variation in host response to ABU and the influence of the patient TLR4 and IRF3 genotype were documented after inoculation of about 20 patients with the prototype ABU strain E. coli 83972 (20) .
The comparison of health care-associated ABU strains from patients (i) with or without long-term indwelling catheter as well as (ii) with or without antibiotic therapy demonstrated that neither of these two factors disproportionally affected the group of health care-associated ABU isolates as a whole, as determined by specific clonal lineages, virulence gene content, or virulence gene expression. As the duration of asymptomatic bladder colonization was longer in healthy carriers (ranging from several months to up to several years [3, 54, 64] ) than in the hospitalized patients (ranging from 1 to 74 days), the degree of phenotypic attenuation correlated with prolonged in vivo growth. This suggests that the duration of in vivo colonization is an important determinant of phenotypic attenuation and bacterial adaptation in general. In addition, differences in age, clinical history, and comorbidities may predispose the patients to UTI. The frequency of ABU is increased up to about 20% among elderly individuals (37), possibly due to alterations of their enteric and/or vaginal flora, mucosal surface integrity, and immune status. Ageing is accompanied by a reduction in specific immunity as well as innate defenses and is therefore expected to facilitate the establishment of bacteriuria by strains without specific fitness for the urinary tract. This was not supported by the present study, however, as most of the hospitalacquired strains belonged to the UPEC-associated clonal types and had higher rather than lower virulence factor expression than ABU strains from healthy children.
The findings of our comparison of health care-associated ABU isolates from patients with or without long-term indwelling catheters (see Fig. S1A , S2A, and S3A in the supplemental material) are in accordance with those of a previous study, where ABU E. coli isolates recovered from catheterized and noncatheterized patients from the same hospital have been compared with regard to phylogeny, virulence profiles, as well as virulence phenotypes (61) . Generally, the distribution of phylogenetic groups did not differ significantly between these two groups of health care-associated ABU strains, and the majority of them belonged to phylogenetic group B2. Furthermore, these strains possessed similar virulence gene profiles. Significant differences in the ability to functionally express typical UPEC virulence genes could not be observed for alpha-hemolysin, biofilm formation, and type 1 fimbriae. Exceptions were group II capsule marker genes, which had a higher prevalence in catheter-associated ABU (CA-ABU) isolates, and mannose-resistant hemagglutination, which was more prevalent among ABU strains from noncatheterized patients (61) . In another study, the genotypic characterization of UPEC and CA-ABU E. coli strains demonstrated that UPEC and CA-ABU E. coli strains predominantly belonged to phylogenetic group B2 and shared virulence determinants. As expected, virulence-associated genes, such as the P-fimbrial determinant (pap), the UPEC pathogenicity island marker malX, as well as iha and ompT, were, however, more common in UPEC isolates than in CA-ABU isolates (55) .
The geno-and phenotypic profiles of both ABU E. coli groups and the commensal controls support the hypothesis that bacterial adaptation in vivo is in part driven by positive selection of UPEC variants with a reduced ability to activate the innate immune response (4, 5, 44, 65) . On the basis of this attenuation, which may result from virulence gene inactivation and loss of gene expression, such strains achieve long-term carriage in individual hosts. Further studies on the impact of host response and in vivo growth conditions on adaptation of E. coli during colonization of the urinary tract will be necessary to improve our understanding of the microbe-host interaction during symptomatic infection or asymptomatic carriage.
